The dietary value of a prey type varies with its nutritional status and hence with its C:N:P content. However, while stoichiometric differences between a heterotroph and its food must
Introduction
The term "ecological stoichiometry" has been coined recently to describe the role of stoichiometry (typified by C:N:P) in controlling trophic processes and has even been proposed as a new branch of ecology (Sterner and Elser, 2002; Andersen et al., 2004) . It has long been known that stoichiometric imbalances between predator and prey affect trophic interactions and ecosystem function. Those who have studied multi-element predator-prey interactions have appreciated such implications [e.g. for plankton (Goldman and Caron, 1985; Caron and Goldman, 1988; Davidson et al., 1995a) ], as have theoreticians [e.g. (Reiners, 1986) ]. Indeed, in a mass-balanced multinutrient predator-prey model it is impossible not to invoke stoichiometric -driven trophic events such as changes in growth efficiency and nutrient regeneration. However, there are additional food related factors of at least equal importance shaping predator -prey interactions.
The dietary value of prey varies with the bulk elemental (e.g. C:N:P) stoichiometric relationship between predator and prey, and also with finer biochemical differences, such as fatty acid content (Jónasdóttir, 1994) . The former, prey quality, is a function of nutrient status (e.g. N or P limitation) and the latter is largely a function of prey type (e.g. diatom vs. dinoflagellates). Together, prey quality and prey type ha ve a powerful effect on prey selection, consumption and trophic transfer efficiencies (Flynn and Davidson, 1993; Flynn et al., 1996; Jones et al., 2002; Jones and Flynn, 2005) . Such studies show that changes in prey nutrient status can result in very different predator behavioural responses to those expected from simple stoichiometric interactions. We discuss the nature of these responses and consider to what extent, as a consequence, stoichiometric imbalances alone should be considered as the primary driving factor in multinutrient models of planktonic systems. [Here 'predator' and 'prey' are used as generic terms for phagotrophs or higher heterotrophs, and living or dead particulate food, respectively. Variation in prey quality refers to differences in composition within a prey type associated with its nutritional status; not to differences between prey types, e.g. diatoms vs. dinoflagellates.]
We use the term "stoichiometric modulators of predator-prey interactions" to describe the modification of predator behaviour associated with a disadvantageous stoichiometric disparity between the predator and its prey. The default expectation is that set solely by simple stoichiometric constraints; this is termed neutral modulation. In this instance the kinetics of capture, ingestion and digestion of the prey are unaffected by food quality. Hence, for example, ingestion of the limiting nutrient (X) decreases in line with the decrease in prey content of X as indicated by declining prey X:C. Retention of ingested X remains the same as indicated by a constant gross growth efficiency for X (GGE X), with no impact of prey quality on digestion and assimilation. Alternatively, the predator may attempt to overcome the dietary inadequacy by increasing ingestion rate and/or GGE, and hence improve its growth beyond the neutral status; this is termed positive modulation. On the contrary, the response of the predator may exacerbate the effect of poor food quality with a deterioration in ingestion and/or assimilation rates; this is te rmed negative modulation.
The question is whether the simplest response, neutral modulation, best represents the norm in plankton systems, or indeed in any ecosystem. Whether it does or not will likely be a function not only of the ecophysiology of the dominant predator but also of the type of limiting nutrient. It is noteworthy that much of the work that has been the source of inspiration for ecological stoichiometry for plankton has been on Daphnia , considering the consumption of P-limited prey [ (Andersen et al., 2004) and references therein]. Daphnia is primarily a filter-feeder and thus exhibits limited prey-capture selectivity. It also has a relatively high P requirement (Steiner, 2004) . Additionally, P is an element that can be readily recycled internally (as PO 4 3-), unlike N which during catabolism is released as toxic NH 4 + and thus voided. One may question whether ecological stoichiometry, which accords primarily with what we term neutral modulation, would be considered to be such a driving force if a ll these studies had been undertaken on a raptorial organism and/or involving limitation by an element other than P [e.g. copepods feeding on N-limited prey (Jones et al., 2002) ].
Feeding and growth efficiency
There are three important processes associated with feeding -(i) ingestion (prey selection and capture), (ii) digestion (liberation of material from the ingested prey in a form suitable for further incorporation), and (iii) assimilation of the material made available through digestion into predator biomass. Of these, the most important potential point of interaction is ingestion, followed by digestion. At the extreme, if nothing is ingested or if what is ingested is indigestible then the predator will not benefit from the presence of the potential prey. The third and comparatively least important process is also the primary point of pure predatorprey stoichiometric interactions. The ways in which these three processes are modulated in response to food nutrient status will impact not only directly on predator-prey dynamics, but also indirectly on the ecosystem through the nature of material that is voided by the predator. There are various potential problems caused by the presence of excess C (i.e. low X:C) in the food. It should be noted that 'X' need not be an element but could represent an essential dietary component that cannot be synthesized by the predator [e.g. an essential fatty acid (Anderson and Pond, 2000) ]. These problems variously affect ingestion (I), assimilation efficiency (AE), net growth efficiency (NGE), and thus GGE. For zooplankton such problems may include -1) presence of less X in a given mass of captured particles, hence I X may decline or extra energy is expended in capturing sufficient of it,
2) excess C (especially indigestible C) in the ingested food package may result in AEX declining due to decreased enzyme efficiency for the utilization of X,
3) ingestion may decline due to physical obstruction (e.g. mucus) or rejection of prey due to physiological/behavioural responses allied to the presence of toxins etc. These typically result from the poor nutrient status of phytoplanktonic food.
Point (1) may be countered by increasing the particle capture rate (increasing throughput), but this com pounds point (2). Point (3) in turn may exacerbate (1) and (2). To complicate things further, consumption of the prey may be hindered by the presence of other organisms, whose growth is stimulated by the same nutrient regeneration processes [i.e. by the presence of so-called secondary prey (Nejstgaard et al., 1995; Genkai -Kato, 2004) ].
When food is N and/or P deplete, GGE C of the predator will inevitably fall because excess C must be voided consistent with stoichiometric requirements. Low food availability, as may typically affect zooplankton in oligotrophic areas (Huntley and Boyd, 1984) , will also result in low efficiency (Anderson and Hessen, 1995) as a higher proportion of ingested C is respired. On the other hand, the presence of a large quantity of food may also result in lowered GGE due to a shortened gut passage time and thence a decrease in AE (Acharya et al., 2004) . Behavioural responses may enhance ingestion at high prey densities [e.g.
'superfluous feeding'; (Marshall, 1973) ], with poor efficiency, consuming more prey with no greater predator production. The relative quantities of large and small prey types also affects growth efficiency via sloppy feeding (Møller, 2005) . GGE may therefore vary significantly just with changes in food quantity in addition to any stoichiometric impacts with food quality.
This has clear ecological implications as predator growth is limited by these responses, 5 affecting zooplankton population size [see (Irigoien et al., 2005) ]. However, these behavioural responses can only be represented in ecosystem models containing grazing functions relating AE to food ingestion rates. Such functions are not included typically in models of zooplankton.
Supply of a high X:C diet at a given concentration (as gC L -1 ) would, all else being equal and assuming that the maximum food X:C is similar to that of the predator, support a higher zooplankton yield than would the supply of the same prey at a lower X:C. In the latter instance there will be less X ingested and therefore lower zooplankton production would result. The immediate impression is that X is limiting; this may be suggested by a constant or elevated GGE X when the prey is of lower X:C [e.g. (Caron and Goldman, 1988) ]. Simple stoichiometric models predict this result [e.g. (Anderson, 1992) ]. However, stoichiometric modulation of the predator -prey interactions has potential to alter such predictions significantly.
Stoichiometric modulation of the predator-prey interaction
Stoichiometric modulation is most significant when it occurs with a relatively small shift in the stoichiometric relationship between predator and prey, resulting in a disproportionate impact on predator -prey interactions. This may typically be associated with changes in prey physiology with environmental events such as nutrient depletion.
When exposed to prey with low X:C, throughput of material could be altered by the predator in order to optimise ingestion of the limiting nutrients. There are two contrasting mechanisms. The predator could decrease throughput (I ↓), allowing more time for the extraction of X from the food as it passes through the gut (mesozooplankton) or resides in the feeding vacuole (microzooplankton). Alternatively, throughput could be increased (I ↑), increasing the amount of X flowing through the gut/vacuole, rather akin to increasing the volume swept clear for prey capture. Consumption of poor food may thus promote an enhanced ingestion rate [positive modulation, e.g. (Darchambeau and Thys, 2005) ]. The increased value of IX could possibly be ba lanced with a less efficient handling of the ingested elements resulting in a decreased AE X , but nonetheless there may be an overall enhancement of growth. At the other extreme, consumption of a nutritionally unbalanced diet can result in continued prey consumption but with little or no growth (Jones et al., 2002; Jones and Flynn, 2005) .
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The emphasis in discussions on stoichiometric impacts on predator-prey interactions is primarily associated with the absence of X in the prey, perhaps aggravated by the concurrent absence of readily assimilated C. However, rather than the absence of X causing a problem it may be the presence of secondary metabolite toxins produced by the prey during nutrient stress that promotes rejection [point (3) above; (Nejstgaard et al., 1995; Flynn et al., 1996; Granéli et al., 1998; Calbet et al., 2002) ]. Other changes in the physiology of nutrient deprived prey may be of similar importance; for example zooplankton digestion of nutrient deprived phytoplankton is adversely affected by excess phytoplankton mucus production (Malej and Harris, 1993) and thickening of their cell walls (Van Donk et al., 1997) . At extreme negative modulation, one could have a situation where a formerly useful food item could be present at a high numeric density but in consequence of its poor quality (low X:C) is
either not ingested at all (Flynn and Davidson, 1993) or if ingested cannot be assimilated (Van Donk et al., 1997) . With low X:C feed, GGE X may well not increase or stay constant (as typically projected by stoichiometric models -see below), but may in fact decrease [as seen for GGE N ; (Jones et al., 2002)] . Such events will impact on food web stability.
Stoichiometric modulation and models
Nutrient limitation of zooplankton production has been explored through the behaviour of stoichiometric models (Anderson and Hessen, 1995; Sterner, 1997; Touratier et al., 1999, Anderson and Pond, 2000) . The structure of stoichiometric models, and their supporting arguments, typically disregard any association between low food X:C and poor quality of food for reasons other than simply possession of a low X:C. These models consider only the fate of ingested material, with no inclusion of the impact of food quality on the processes of prey selection, ingestion and digestion. It is pertinent to ask whether such a simplification is justified.
Mitra et al. (Mitra et al., 2003) showed the potential power of negative, neutral and positive modulations on the predator-prey interaction. Davidson et al. (Davidson et al., 1995b) found that it was essential to involve, what we term, negative modulation (through avoiding ingestion of low N:C prey) in the modelling of microflagellate predator-prey interactions (Flynn and Davidson, 1993) . This experimental study was of Isochrysis galbana consumption by Oxyrrhis marina in two systems with different initial prey concentrations;
Flasks S and T (Flynn and Davidson, 1993) . Flask T showed a classic predator-prey interaction. However, in Flask S the Isochrysis prey became N-deplete resulting in rejection by Oxyrrhis in a display of negative modulation. Using a new model, designed to specifically 7 enable a consideration of stoichiometric modulation (A. Mitra, in submission), we show in Fig.1 fits to the data of Flasks S and T. During tuning (optimisation) of the model, to obtain a fit to the experimental data, constants describing ingestion and assimilation were allowed to vary in response to changes in Isochrysis quality (i.e. prey N:C). The tuning resulted in negative modulation for ingestion, and neutral modulation for assimilation, in response to low
Isochrysis N:C. Thus poor prey were not ingested at a high rate while assimilation of prey that were captured was not affected. Fig. 2 shows the model output for Flask S when the negative stoichiometric modulation obtained during the tuning process was replaced with neutral or positive modulation. To implement neutral modulation, ingestion was not linked to prey quality. For positive modulation, the kinetics (rate) of prey ingestion was increased pro rata with the decrease in prey N:C, thus retaining a constant ingestion rate of prey-N for a given prey C-biomass concentration. Both neutral and positive modulations gave very poor fits (Fig. 2 ).
In the Isochrysis-Oxyrrhis interaction described above, only negative modulation of prey capture was required, however this may be insufficient in other instances. Application of stoichiometric theory to plankton has raised the question as to which elements limit zooplankton growth (Checkley, 1985; Kiørboe, 1989; Hessen, 1992; Anderson and Hessen, 1995; Steiner, 2004) . There are parallels in the model-supported arguments for elemental limitation of zooplankton growth with discussions in the literature concerning N vs. P limitation of phytoplankton growth that were based around manipulations of the quota model of phytoplankton growth [e.g. (Rhee and Gotham, 1980; Turpin, 1986) ]. Flynn (Flynn, 2002a ) criticised this approach, arguing that the kinetics of nutrient transport could easily outweigh those of assimilation, pointing out that traditional phytoplankton quota models contain no link between variable transport kinetics and phytoplankton nutrient status with which to explore such interactions. Noting the analogy between nutrient transport for phytoplankton and food ingestion for zooplankton, nutrient limitation at the point of assimilation may be unimportant if food quality affects prey ingestion into zooplankton significantly (as indeed it appears to be well able to do). The range of responses of a predator to a stoichiometric disparity using neutral modulation alone is far more limited than the response range possible for ingestion and/or digestion kinetics. It follows that consideration should be given in zooplankton models to inclusion of grazing functions related to prey quality as well as to prey type and quantity.
Stoichiometric modulation and trophic stability
On the face of it, stoichiometric interactions can lead to a stabilising effect where growth of the prey is limited by nutrient regeneration by the predator; the growth of the predator is in turn affected by the prey density and its stoichiometric value (Anderson and Hessen, 1995) .
Thus the interaction is neither bottom up (agricultural model) nor top down (predator-prey model) but somewhere in between (Flynn, 1989) . Stoichiometric modulation of the predatorprey interactions, however, has the potential to destabilise or otherwise alter the outcome.
Negative stoichiometric modulation of predation enhances the impact of nutrient deprivation on the prey more than simple stoichiometric ca lculations would predict. This is due to the decreased level of nutrient regeneration. The resultant positive feedback caused by negative modulation gives rise to a situation where X-limitation of the algal prey may lead to C-limitation of the predator due to prey rejection. Predators may select against low quality prey, resorting to alternatives, to cannibalism or even to starvation (Goldman and Caron, 1985; Bonnet et al., 2004) . This type of event could be important for the formation of blooms (Irigoien et al., 2005) .
Rates of nutrient cycling vary greatly between aquatic ecosystems, especially where a physical transport of material occurs (such as sinking of faecal pellets out of the photic zone into deep waters). Stoichiometric modulation of trophic interactions could have a significant effect either by enhanced prey rejection or when changes in predator AE and/or NGE affect the form of voided material (i.e. dissolved vs. particulate). Some of these trophic shifts could be associated with subtle changes in nutrient physiology. For example it has been suggested that colony formation in Phaeocystis, resulting from nitrate rather than ammonium based growth, may subsequently adversely affect predation on this organism (Riegman and van Boekel, 1996) . There is then a knock-on effect on microbial loop and mesozooplankton activities (Hansen et al., 1993) . Multinutrient zooplankton models need to be capable of representing such behavioural responses.
Conclusions
In the past little attention has been paid to the nutrient status (e.g. C:N:P) of zooplankton prey. While it is well known that certain organisms are better prey than others, preference and dietary value varying with prey nutritional status are less widely invoked (Jones and Flynn, 2005) . The impact on trophic processes of stoichiometric differences between predator and prey is undisputed (Sterner and Elser, 2004) . Ecological stoichiometry describes "the balance of energy and chemical elements in ecological interactions and especially in trophic relationship s" (Andersen et al., 2004) . It is not a new approach per se , but it does perhaps have value in drawing attention to the importance of multinutrient trophic processes to those who have ignored even the most basic implications for too long. However, the processes described within ecological stoichiometry are already included within the established term "ecosystem ecology", describing and explaining fluxes of energy and matter through ecosystems (Calow, 1999) . There is nothing to be gained by creating yet another division within ecology. Given the significance of the evidence we have, indicating that prey quality is far more than just a simple function of stoichiometry, to only consider the impact of stoichiometric differences (i.e. neutral modulation) may also be considered as potentially dangerous.
Models invariably present a simplification of reality. (Reiners, 1986) .
Behaviour is one such factor. Modelling the behaviour of organisms is nontrivial but mechanisms by which organisms overcome or circumvent energetic or stoichiometric barriers to their growth are important and deserve consideration for inclusion in models. An example would be descriptions of the physiology of vertical migrating plankton (Flynn, 2002b; Liu et al., 2003) , where omission of behaviour traits would be absurd.
We suggest that for zooplankton, models describing feeding behaviour may enable better simulations of the impacts of food quality on production and thence recycling of nutrients in surface waters, or loss of material as sinking phytoplankton and/or zooplankton faecal pellets. The implications of stoichiometric modulation of predator-prey interactions, in which the qualit y of the food is indexed to factors more powerful than simply C:N:P, needs consideration both within the stoichiometric function itself (affecting AE and NGE), and also in conjunction with prey selectivity. (Davidson et al., 1995a) for discussion]. This particular model did not enable an enhancement of cannibalism to counter rejection of Isochrysis, an event that occurs in reality. 
Figure Legends

